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THEORY OF ELRCIRON RECOMBINATION

IN SEMICONDUCTORS ¥

S. T. Pekar

We examine the recombination of conductivity olectrons on
charged and neutral centers. We quantibatively examine the case
when the locallzation probability of the electron nearing the
center is sufficlently high and consequently the speed of recom-
bination ls limited and is determined by the electron diffusion
speed towards the recombination centers. We csleulate the recom-
bination coefficient, the average electron displacement in the
external [leld and the electroconductivity provoked by the
irradiation of the crystal with light, Xmmrays,hemrays or charged

particlese

If the semiconductor is in a state of thermal equilibrium,
then the average mmber of electrons on the various energy levels
is easily calculabed with the help of equilibrium statistics,

For the calculation it is enough to know the energles and multiples
of the verious quantum electron conditions., It is not necessary
to know the mechanism or the probability of the electron passing

from one condition to the other.

It is much more difficult to examine the cases when the
thergzgl equilibrium is upset. For instsnce, when an additional
conductivity is created in the semiconductor by means of its
irradiation with light, X»-raySfA—~rays or charged particles, In
these cases we must use the kinetic equations and we must therefore

know the electron recombination probabilities. The theoretical
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examlnation of the recombination with a change of energy into heat
offers particular difficulties, since wp to this dey the mechanism of
thermal recombinetion is not clear even in lts qualitative aspect.

In the kinetdic equations the recombinabtion member is ustally wriltten
ass /5 Nn, vhers n is the conductivity electron concentratilon; N

lg the recombinatlon centers concentration; and fﬁ is the recombina=-
tlon coefficlent which, usually, is defined only when theory and
experiment are compared. In this work,ﬁg 1s theoretically calculated

Lor certain dmportant individual cases,

RECOMBINATION CORFI'ICIENT

Let us suppose that the conductivity electrons find them-
selves in the polaronic state (l-~L) and that their concentration
in the semiconductor is n, while the concentration of the recome
bination centers is N. We assume that the latter are immobile
(crystal defects) or, alt least, less mobile than the polaroﬁ@s
(holes for instance, if they have a large effective mass). If the
recombination centers are positively charged, then they attract
the polaroégs by means of their coulomb field, while if they are
neutral they are dielectrically polarized by the field of the
approaching polarone. As a result, a reciprocity force also
arises between the polaron%’and the center. In a general case let
us assume that the reciprocity force is described by the potential
V(r) and extends to a considerable distance of the order of several

free polaron runs.

Let us surround the recombination centers with imaginary
spherical surfaces with a small radius r and leb us calculate

the polaron flow inside these spheres. Lhereby we assume that r
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ig -conslderably smaller thon the average dlstance betwoen the
centers and that upon examining tlie flow through the given sphere
we may ignore the force Llnfluence of the nelghbering centers.
On the other hand we assume that r is blgger than the polaron free P:rﬁh
omm 5o that in the caleulation of the flow we may avall oursolves
of the comnon electroconductivity end diffusion equations. The
nunber of polarog;s entering the above-mentloned spheres in one
second within the volume unit of the samiconductor is equal to
2o Suw AL+ DT 9
4
where u is the mobility of the polaroﬁ;s; D is their diffusion co=
efficient; snd S the sum surface of all the spheres in the volume

unit:

. (2)
S = #Wr :D; h

n(r) is the concentration near the mulbi~~bonded surface consisting

of the above-mentloned spheres.

These sphere encompsss only an insignificant part of the
whole crystal volume. Iperefore the electrons excited into the
conductivity zone as a result of the irradiation of the crystal
will more often than not find themselves outside of these spheres
af'ter their retardment and transibion into the polaronic sbate and
therefore for the recombination they will have to pass through the
spheres in the shape of a flow (1). The lgter very swiftly ac-
quires a quasi-~stationary character since the relsxation time is
of the order of 10~1é¥;econds and less. Inasmuch as during such
o brief time the number of conductivity electrons in the crystal

cannot change appreciably, we may ssy that z is the quasi-sbationary

T
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and we may 1dentify = with the nunber of !

{low, not related to ¥j

recombinatlons taking place during one gecond in one volume unite fey

Ie, from the differential equation (1) wa determine a(xr), ;

and say that the polarons concentration far from the racombinablon

centers 1s gqual o n(=9°) = nw , and i we take into conaideration

the known ratlo (
2)% = /€, 3)

then we obtaln

5 P ,
s By e T A
nir) = {Hw 77 ND a A)I. & r

3

o
When the ‘polaronpf approaches the recombination center to a

vt o
distance rg Of 'bhe’\polarona radiug swdsr, then there appesr's &

certain probability of electron passage to a combined state. Tt

i extremely difricult to celenlate bhis probabiliy even if the ) L
]
nature of the reconbination center is precisely known. However we ; ‘

may affirm that the number of electrons passing into a combined ! s
i ]

shate during one gecond and in one unit of volume (rmumher of recom=

binations) in proportion Lo the number of centers N znd to ‘the con-

Py
centration n(r O) of polarones in the direct vicinity of the centers.

Thus Lhe number of recombinations may be recorded ag ﬂ / Nn(ro),

where ﬂ) ; is Lhe unknown coefficient of proportionality. According=

1y to the formula ) y
2. oV /T ) ever/aT. ()
w(r) = (oo~ FTAD € ofr) e

4
rendy menbioned, in the quasi-stabionary ceseé

As we have al

the f£low = should be equalled to the number of recombinalbions

_~//_,
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z =ﬂ: A ("4) . (e

From equations (5) and (6) it follows: i
)
/3! Mg e.eW‘r,)/&T
. eV(ro)/A Tfn@‘&v/b-r

Z = ()
|4 L e

47 o x

o

Two cases are possible:

(A) TIn the denominator of formula (7) the second member

& 14 Then | L.
b4 :/3/1/»4 %, /‘5=/8/€'GV(F°)//°T, @

This formula does not give us anylbhing new since the value of 6 is

still unknowne.

(B) In the denominator of formula (7) the second > 1.

In this case ,/,.
9

z = e, B ‘/vb/fe@'//‘wc/x (@)
¢

This formula offers considerable interest. It gives the possibil-

ity to calculate the recombination coefficient in various concrete ' ]
cases. If the condition of case (B) is not fulfilled, then

formula (9) expresses the upper limit of the recombingtion co-

elficient. j

Cases (A) and (B) may be interpreted in the following i
fashion: in the case (A) not the sttraction of the polsrones to :

the recombination centers, but the passage of the electrons into

a combined state is the "narrow spot" of the recembination process

which determines its speed. Therefore the recombination co-

efficient ﬁ is not related to the diffusion coefficient D, (or

N
\
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to the coelficient of mobility u), but is determined by the

probability of the passage of the electron into a comblned state

(ﬂz Jo In the case (B) on the contrary, not the passage of the
¢lectron inte a comblned state bub the altractlon of Lhe polaronss

to the recombination centers is the "narrow spot! determinng the
speed of recombination. Yhercfore ﬁ is not related to /@/ but rather

to D (or u)e DBelow we speal only of the case (B).

HECOMBINATION ON POSTIIVELY CHAHGHD CENTERS

The coefficient of reciprocily between the polaur‘onﬁ and the
center has a coulomb aspect: B | - )
\/':.-. ~6/ET’= - @X//E LXSF‘J (/0)

where € is the diclectric constant. In formuls (9) one may substi-

tute the integral fram 0 to 0o for the integral from O to 1/r o in-

asmuch as usually

o-C/e AT &, (1)

Thug y N .
Fo - 4
2 Y ‘ .
ev /4T o/ ez / s kT o/ . B, ! .
5 get/ v 5@ ¥: e () |
) 0 { }
Introducing this into formula (9), we get ‘ &

Red7mDer/ehl =47eu/e | @)

~ . .
where u is the mobility of the polarones. With such a recombina-

tion coefficient for the average time of the life of the electron

in its free state we get the expression

(144 i 1
t=1/8K= /¢ real )
The average electron displacement A under the influence of the ex~- i '

ternal electrical field CS is obtained by multiplying it by the ‘

speed of the polaron drifth: v = UE,
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b=t =8 ymen . ¢5)

In the particuler cage under discussion the displecement is not

related to mobilidty and temperature,

If the irradiation of the crystal during one second and in

one volume unit excites L electrons into the conducti vity zone, i

then in the stationary case

L = /‘3’/%000 ()

I'rom here, with the help of formuls (13) we get
O=cun, = sl/ymi, (1)

specific electroconductivity of the crys

is the stal. provoked by

the stationary irradiation. Formula (17) shows that 0™ is not re-~
lated to mobility,

RECOMBINATION ON NEUTRAL CENPERS
A neutral center ig dielectrically polarized by the f£ield

o :
of the approaching polarone, The dipole moment which thereby ]

arises is equal to (’
1¢)
P=ye/er

whereﬁ” is the center polarization coefficient and r is the dig-

tance from the polarone to the center, This dipole attracts the

polarond by the field
2
8_—; “Z/Q/Ek? [ E.YC/E-' )“'r,

it
To such a field correspond the potential 5 ‘

V= _\‘G/Zaz‘r“ - a,x“z 2 = Ye/x?_a?‘ (1)

o s Sl ¥ 200170013-8 1
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cafrt AT > 1 (22)

then in formula (9) we mey substltute the integral from 0 to &

for the integrel from 0 to L/xe In this case ,
oo |

Vv, : |
5 CGVATO/Z ~ e ’daxVATO/Z :Q?MWAT/&%)IV),

0
Intreducing this umxc.smon into forrula (9), we geb

{k7i{/)’b
/§ Py A2 1 Yru (B . (e
tkT/2e)"
The average time of life of the electron in ile free state is
Il o0.906% ( )'/4-

« &3

The average electron displacement is ;
0.906% & /__———5, 7y |
A=tub="Gry 2T . e

Upon sbabionary irradiation of the semiconductor there appears an

electroconductivity equal to

e K
pasirh (o) @)

oz T
477N

The spplication of the theory to actual crysbals and the comperi- a

son of theory and experiment are given in the following article.

Institute of Physics of the ReceiYed by the Bditors ;
Ukraine SSR Academy of Scilences on 31 October 1949
LITERATURE :

(1) 8. I. Pekar. ZhEIF, (Zhurnal Eksperimental'nay I Teoreticheskoy
Finiki), 16, 3L, 196, (2) 8. L. Pokar. ZEEIF, 16, 335, 1906,

(3) S. I. Pekar. ZKETEF, 17, 868, 1947, (L) S. I. Pekar. ZHBIF, 18,

105, 1948,

- Declassified in Part - Sanitized Copy Approved for Release 2012/04/23 : CIA-RDP82-00059R000200170013-8 i



